With measurements of the magnetic circular dichroism and band-structure calculations in the local spin density approximation ͑LSDAϩU͒ approach, we revealed that the orbital moment of O in CrO 2 is ferromagnetically coupled to that of Cr, whereas the spin moment of O is antiferromagnetically coupled to that of Cr. Spin and orbital magnetic moments of Cr and O are enhanced as Coulomb interaction energy U increases. Comparing the magnetic circular diachromism data with the LSDAϩU calculations, we conclude that it is essential to include the on-site Coulomb energy for adequately describing the orbital magnetic moments of CrO 2 . DOI: 10.1103/PhysRevB.66.174440 PACS number͑s͒: 75.50.Ss, 71.28.ϩd, 75.25.ϩz, 78.70.Dm Transition-metal oxides, which are interesting for fundamental research and important for technological applications, exhibit anomalous and interesting physical properties.
Transition-metal oxides, which are interesting for fundamental research and important for technological applications, exhibit anomalous and interesting physical properties. 1 These interesting properties are determined by a coupling between the charge, orbital characters, and spin of the valence electrons, and the lattice degrees of freedom in transition-metal oxides. For instance, magnetic oxides such as manganates and CrO 2 have drawn much attention because of their colossal magnetoresitance and half-metallic behavior. The orbital magnetism, a consequence of this coupling mediated by spin-orbit interactions, of these materials is closely related to many interesting phenomena.
Orbital magnetic moments of 3d transition metals are generally quenched because of the crystal field. Some 3d transition-metal oxides exhibit large unquenched orbital magnetic moments, which arise mainly from spin-orbit interaction in the localized 3d orbital, whereby the atomic field is deformed in a relatively slight manner by the crystal field. A strong Coulomb repulsion of 3d electrons might localize 3d orbitals, and reduce the ligand field on the metal atoms, leading to large unquenched orbital moments. 2, 3 For instance, results of magnetic x-ray scattering indicate that the orbital magnetic moment of NiO is rather large. 4 CrO 2 , a potentially important material for future spintronics, is a half-metallic ferromagnet in which one spin channel is conductive but the other one is insulating. 5 As a consequence of the half-metallic feature, the occupied 3d bands of Cr in CrO 2 are fully spin polarized, leading to an integral spin moment of 2.0 B /CrO 2 . Band-structure calculations [6] [7] [8] [9] and recent spin-resolved x-ray absorption studies 10 showed that O 2p states in the vicinity of the Fermi level are highly spin polarized. These states are related to the conduction and magnetic properties of CrO 2 . Polarization-dependent x-ray absorption spectroscopy ͑XAS͒ measurements showed that Cr 3d states above the Fermi level exhibit a strong anisotropy of orbital occupation. 11 Exploring the orbital contribution of O and Cr to the magnetic moments of CrO 2 can thus unravel its underlying magnetic properties. Several experimental techniques, such as neutron scattering, magnetic x-ray scattering, and magnetic circular dichroism ͑MCD͒ in XAS, are useful in studying the orbital magnetic moments of materials. Through a modeling of the electronic configuration, it is possible to probe spin and orbital moments separately from neutron scattering data. This separation of spin and orbital magnetization can also be achieved by magnetic x-ray scattering with the help of different prefactors of spin and orbital moment densities. 4, 12 MCD in x-ray absorption provides a powerful experimental method to deduce element-specific orbital and spin magnetic moments by means of sum rules. MCD sum rules specify the relation of spin and orbital moments to integrated XAS and integrated MCD spectra. [13] [14] [15] [16] For example, the orbital and spin magnetic moments of Fe and Co obtained on applying MCD sum rules to high resolution L 2,3 -edge XAS and MCD data agree well with those obtained from Einstein-de Haas gyromagnetic ratio measurements. 17 In this paper, we present measurements of MCD in soft x-ray absorption and band-structure calculations based on the local spin density approximation with on-site Coulomb energy U taken into account ͑LSDAϩU͒ to investigate the orbital magnetic moments of Cr and O in epitaxial CrO 2 thin films grown on TiO 2 (100) substrates. Both our MCD measurements and LSDAϩU calculations reveal that O 2p and Cr 3d orbitals are strongly hybridized. We also discuss magnetic coupling between O and Cr, and the effect of U on the individual orbital and spin magnetic moments.
We carried out MCD measurements in soft x-ray absorption with the elliptically polarized undulator ͑EPU͒ beamline of the Synchrotron Radiation Research Center in Taiwan. 18, 19 The EPU can generate circularly polarized light or linearly polarized light with the polarization in the horizontal or vertical direction with respect to the storage ring. All soft x-ray absorption measurements were taken with photons of an energy resolution 0.2 eV and a degree of circular polarization 60%. The incident angle was 45°off the sample normal, and the incident light was in the plane defined by the sample normal and the c axis. During the measurements, CrO 2 films were at the magnetically remanent state and kept at a temperature of 80 K. The sample drain current was detected as the absorption signal. MCD spectra were recorded on reversing the remanent magnetization at every photon energy.
High-quality epitaxial CrO 2 films were grown on TiO 2 (100) substrates by chemical vapor deposition. 20 The substrates were ultrasonically cleaned with acetone, 1,1,1-trichloroethane, 10% hydrofluoric acid, and distilled water before air drying. The deposition was at 400°C by using CrO 3 as the precursor. X-ray diffraction revealed that CrO 2 films were single crystalline and epitaxial; measurements of the magneto-optical Kerr effect showed a square magnetic hysteresis loop, indicating a high magnetic remanence of the films. Details of the sample preparation and characterization will be published elsewhere. 21 Self-consistent band-structure calculations including spinorbit coupling within the LSDA and LSDAϩU ͑Ref. 22͒ schemes have been performed by using the all-electron fullpotential linearized muffin-tin orbital ͑FP-LMTO͒ method. 23 The Vosko-Wilk-Nusair 24 exchange-correlation potential and the experimental lattice parameters aϭ4.419 Å, c ϭ2.912 Å, and uϭ0.303 of the rutile structure of CrO 2 were used in the calculations. 25 The radii of the muffin-tin spheres for Cr and O were 2.0a 0 and 1.5a 0 , respectively, where a 0 is the Bohr radius. The LMTO basis set was expanded in spherical harmonics up to an angular momentum lϭ6. The number of k points used in the self-consistent calculations was 126 over the irreducible wedge of the tetragonal Brillouin zone. To examine the effects of the on-site Coulomb energy U on the orbital moment, different U's from 0 to 6 eV were used in the LSDAϩU calculations with the exchange interaction parameter J kept at 0.87 eV. 8 The MCD sum rules for orbital moments were independently derived from a localized model 13 and from an itinerant approach 15, 16 such as relativistic multiple-scattering theory. 16 Calculations on the basis of a tight-binding approximation show that K-edge MCD spectra is generated mainly by the 3d orbital moment on the neighboring sites through the p-d hybridization. 26 MCD spectra of an s-level absorption reflect the p-projected orbital magnetization density of unoccupied states. According to x-ray MCD sum rules, orbital magnetic moments orb in units of B /atom can be obtained from K-edge XAS and MCD spectra. Sum rules of the K-edge absorption relate orbital magnetic moments to K-edge XAS and MCD spectra as 13, 15, 16 
where n p and are the electron occupation number in the 2p states and the photon energy, respectively; ϩ and Ϫ are cross sections for absorption taken with the projection of the spin of the incident photons parallel and antiparallel to the spin of the majority electrons in transition metals, respectively. K denotes the integration range across the K edge of the spectra. Figure 1 presents the O K-edge XAS and MCD of CrO 2 . After correction for the incomplete polarization and the incident angle of soft x ray, i.e., multiplying ( ϩ Ϫ Ϫ ) by 1/͓cos 45°ϫ0.6͔ for MCD spectra while keeping XAS ϭ( ϩ ϩ Ϫ ) unchanged, we found that the MCD to XAS ratio at the pre-peak position of O K-edge absorption is 4.1%, which is larger than that, 3%, observed on La 1Ϫx Sr x MnO 3 single crystals. 27 For q and r as the integrated intensities of MCD and XAS spectra across the K edge, the orbital magnetic moment per O atom is orb ϭ Ϫ holes per atom in CrO 2 is estimated to be 0.5. With an arctangentlike edge-jump function for the background of the XAS spectra, the O orbital magnetic moment is therefore estimated to be -(0.003Ϯ0.001) B . The large uncertainty originates mainly from our estimate of the number of O 2p holes, the background functions of XAS spectra, and the uncertainty from the degree of circular polarization of incident photons.
With x-ray MCD sum rules, L 2,3 -edge XAS and MCD spectra also provide information on the orbital magnetic moment of transition metals as in the equation
where n d is the 3d electron occupation number of transition metals. L 2,3 denotes the integration range across L 2 and L 3 absorption edges. Figure 3 displays the Cr L-edge XAS and MCD spectra of CrO 2 . For q and r as the integrated intensities of MCD and XAS spectra across the L 2,3 edges, respectively, as shown in Fig. 3 , the orbital magnetic moment of Cr is orb ϭϪ
With an appropriate arctangentlike edge-jump function for the XAS background and n d ϳ1, 29 our MCD data indicate that the orbital magnetic moment of Cr is -(0.06Ϯ0.02) B . In our measurements, saturation effects have been corrected on normalizing the XAS spectra to the normal incidence data, because MCD data obtained in the electron yield mode might yield an incorrect value of the orbital moment caused by saturation effects. 30 In contrast, our MCD and XAS data do not provide quantitatively information on the spin moment of Cr, because one cannot uniquely define which part of the spectra belongs to the L 3 or L 3 edges. This is due to the large multiplet splitting in the XAS final states relative to the Cr 2p core-level spinorbit splitting. Nevertheless, the integration spectrum of our MCD data indicates that the orbital moment of Cr is opposite to its spin moment, since that the sign of spin moment is determined by
in which the first integration is negative and the second integration is positive. Quantitative orbital moments obtained by MCD and XAS measurements depend strongly on the background function of XAS and the electron occupation numbers in O 2p and Cr 3d valence bands. It should be noted that accurately pinning down the value of orbital moments using MCD data is far from being trivial. MCD measurements presented above, nevertheless, provide valuable qualitative information on element specific orbital magnetic moment. Our measurements reveal that the Cr orbital moments of CrO 2 are opposite to its spin moment, but are aligned parallel to the O orbital moment.
To study further the magnetic moments of Cr and O in CrO 2 , we performed band-structure calculations in LSDA and LSDAϩU schemes. The calculated spin and orbital magnetic moments of O and Cr in units of B /atom are summarized in Table I . The antialignment between spin moments of Cr and O results from a charge transfer of O 2p to Cr 3d, so producing O 2p electrons with negative net spin moments. Our calculated orbital and spin moments of Cr are antiparallel, consistent with Hund's rule coupling for a 3d shell which is less than half full. Interestingly, MCD mea- The LSDA (UϭJϭ0) calculations give rise to spin and orbital moments of 1.89 B and Ϫ0.037 B per Cr atom, respectively. The magnitudes of spin and orbital magnetic moments are enhanced as the on-site Cr 3d-3d Coulomb interaction increases. 31 The influence of U on the spin magnetic moments of CrO 2 can be understood as follows. Conceptually, the shift of Cr 3d spin-up density of state slightly away from the Fermi level increases the Cr spin moment. With the inclusion of on-site Coulomb interaction U, the Cr 3d conduction band is pushed downward in energy, and charge transfer from O 2p spin-up electrons to Cr 3d electrons is increased, leading to an increased spin moment of Cr. Such an enhancement of charge transfer also increases the O spin moment. When U is 3-4 eV, the spin moment of Cr is close to 2.0 B , the value predicted by Hund's rules for the spin moment of a Cr 4ϩ ion. In addition, the enhancement of the orbital magnetic moment with the increase of U is also consistent with the unquenched orbital moments of CoO and NiO in which the Coulomb interaction dominates the orbital magnetism. 2, 3 Comparing with the LSDAϩU calculations and MCD measurements, we deduce that the on-site Coulomb interaction energy of CrO 2 is 3-4 eV, in satisfactory agreement with previous LSDAϩU work which concluded the on-site Coulomb energy of Cr 3d electrons in CrO 2 to be 3 eV. 8 To conclude, measurements of MCD in soft x-ray absorption and LSDAϩU calculations have unraveled the orbital contribution of Cr and O to the magnetization of CrO 2 . We found that oxygen atoms in CrO 2 exhibit a significant orbital magnetic moment relative to other oxides. Our results conclude that the orbital magnetic moments of O is coupled parallel to that of Cr, while the spin moments are coupled antiparallel. In addition, the magnitudes of spin and orbital magnetic moments are enhanced as the on-site Cr 3d-3d Coulomb interaction increases. Comparing the MCD data with the LSDAϩU calculations, we conclude that it is essential to include the on-site Coulomb energy for adequately describing the orbital magnetic moments of CrO 2 .
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